Abstract
2
In situ evidence revealed an abundance of mineral nanoparticles, in dense thin layers or nano- 1 aggregates/clusters, instead of crystalline clay-sized minerals on or near OC surfaces. The key 2 working minerals for C stabilization were reactive short-range-order (SRO) mineral nanoparticles 3 and poorly crystalline submicron-sized clay minerals. Spectroscopic analyses demonstrated that 4 the studied OC was not merely in crisscross co-localization with reactive SRO minerals. There 5 could be a significant degree of binding between OC and the minerals. The ubiquity and abundance 6 of mineral nanoparticles on the OC surface, and their heterogeneity in natural environment may 7 have been severely underestimated by traditional research approaches. Our in situ description of 8 organo-mineral interplay at nano scale provides direct evidence to substantiate the importance of 9 mineral physical protection for the long term stabilization of OC. This high resolution 3-D 10 tomography approach is a promising tool for generating new insight into the interior 3-D structure 11 of micro-aggregates, the in situ interplay between OC and minerals, and the fate of mineral
Introduction

15
Three main mechanisms for soil organic carbon (SOC) stabilization have been proposed: 16 (1) chemical stabilization as a result of chemical or physiochemical binding between SOC and soil 17 minerals (especially clay and silt in current opinions), namely organo-mineral complexation; (2) 18 physical protection, which occurs predominantly at the microaggregate level and is built on top of 19 the chemical organo-mineral complexation; and (3) biochemical stabilization in the form of 20 recalcitrant SOC compounds (Six et al., 2002) . The accumulation and subsequent loss of OC have 21 been found largely driven by changes in the millennial scale cycling of mineral-stabilized C, and applied to reveal the discrete three-dimensional micro-aggregation structure of clay (kaolinite) in 11 natural aqueous environment and generated remarkable tomography that revealed precise inter-12 particle structure (Zbik et al., 2008) . Clay particles with diameter below 500 nm were clearly 13 visible and their pseudohexagonal symmetry was recognized in three-dimensional details.
14
The synchrotron-based TXM at the beamline BL01B1 of Taiwan Light Source (TLS), 15 which has been used in this study, provides two-dimensional imaging and three-dimensional 16 tomography at a spatial resolution of 30/60-nm with tunable energy (8-11keV Schmidt, 2004) . In addition to method development for 3-D tomography at nano meter scale, this 18 study provides in situ evidence on the minerals physical protection on natural OC, and to explore 19 the C stabilization mechanism in natural soil. 20 High resolution X-ray scanning and 3-D tomography is highly demanding in terms of 21 technology, multi-disciplinarity and big-data analysis (Lafond et al., 2015) . Except for the Before TXM analysis, gold nanoparticles (50-150 nm or 400-500 nm in diameter) were deployed 19 on the section surface for image registration. with azimuth angle rotating from -75º to +75º. 
Three-dimensional reconstruction and analysis
18
Three-dimensional tomography reconstruction was performed using homemade software, 19 which was coded based on iterative image registration (Faproma) (Wang et al., 2017 ) and filtered 20 back projection (FBP) reconstruction algorithms. Firstly, a series of single TXM image captured 21 9 from -75º to +75º at rotational increments of 1° were loaded for automatic image registration using 1 Faproma algorithm. Then, the reconstruction was processed using the FBP algorithm. The 
2.7
Carbon functionality and interfacial mineral forms using FTIR 5 For the FTIR analysis, mineral-bearing OC (NH) particles were ground, dried (60 ℃   6 overnight), mixed with potassium bromide (KBr) at a ratio of 1:100, and molded into disks using 7 a hydraulic press. During the pressing process, a vacuum pump was used for evacuating air and 8
water. The samples were measured using infrared microspectroscopy at the BL14A1 beamline 9 at the National Synchrotron Radiation Research Center (NSRRC), Taiwan. The FTIR spectra 10 were collected with up to 1024 scans in the mid-infrared range of 4000-400 cm -1 with a spectral High resolution 2-D X-ray photographs were captured for the identical regions in lab-made 1 BC and nano mineral consortium using dual-scan absorption contrast and phase contrast modes 2 ( Fig. 1, a and e) . The cross-section views exported from the reconstructed 3-D datasets reveal 3 subtle details of BC and mineral nanoparticles, and clearly outline the fine boundary of BC and 4 the distribution of TiO2 nanoparticles (Fig. 1) . The shape, size, and distribution of mineral 5 nanoparticles were identified accurately using the absorption contrast mode due to their high X-6 ray absorptivity (Fig.1, b, c, and d) . In comparison, the BC structure and contour of its boundary 7 were revealed much more clearly using the phase-contrast mode (Fig.1, f, g and h) . However, the 8 bright halo artifacts in phase-contrast image enhance the intensity of margin texture for nano 9 minerals, and may lead to overestimation of their volume (Fig. 1, e, f, g and h) . The use of dual-10 scan mode allows cross-checking and validation of details.
11
Cross-sectional views of the reconstructed 3-D tomography shared consistent and 12 comparable features of BC and nano minerals in multi-angles (Fig. 2) . According to the display of sporadically with the BC boundary (Fig. 2, b , e, c, and f) due to the treatment of dry deposition.
15
The nano scale gap between BC and nano minerals was clearly observed in absorption and phase- 16 contrast images (Fig. 2, b , e, c, and f). It was feasible to calculate the interplay surface and mineral 17 volume quantitatively by examining each cross-sectional view in a selected region. Our approach 18 was successful in thoroughly exploring OC and minerals' 3-D distribution and verifying their real 19 in situ spatial correlation at nanoscale resolution. were revealed in the computed 3-D tomography ( Fig. 3; Fig. SMOV1, 2) . Results from absorption- animated video exports, thus any region of interest inside a specimen may be explored thoroughly.
12
The lab-made consortium was successfully tested by the dual-scan methodology using both 13 absorption-contrast and phase-contrast acquisition modes (Figs. 1, 2 
3.4
Interplay of OC and minerals and C stabilization in the mountain soil 5 The nano scale 3-D tomography in this study revealed a high heterogeneity within the 6 natural OC-mineral consortium, and most of the particulate OC surface was coated by minerals. 7 Natural OC exhibited strong organo-mineral association on its surface at nano scale ( Fig. 4 ; Fig.   8 SMOV3). Very few micron-sized or clay-sized, euhedral or crystalline minerals were observed. 9 An Abundance of SRO minerals in the form of subhedral particle or anhedral nano- with either minerals in the core and OC around (Fig. S2) , or vice versa (Fig. S3 ). This type of 20 texture indicates possible OC-mineral co-precipitation at microsites (Fig. 4 b) . Many clusters of 21 various shapes are observed (Fig. S3) . Mineral aggregation by poorly crystalline nanoparticles Table S1 ). Quartz may be at most a minor component on OC surface, 6 considering their chemistry and particle size; yet siliceous mineral surfaces may be coated with a Fig. 7 ; Table S2 ). The aged OC is highly aromatic when it is highly reactive, similar 
Conclusion
12
In summary we have developed a high resolution 3-D tomography approach using dual-scan 13 modes and successfully applied it to study the in situ interplay of OC and minerals in a lab-made 14 and natural OC-mineral consortium at nanoscale. We discovered that the stabilization of the 3500- (ICDD 00-044-1415, green). Q stands for Quartz (ICDD 00-033-1161). Details are included in 7   Table S1 . Liu, the former and current members of the NCKU Global Change Geobiology Carbon Laboratory 7 for help and support. 
